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Nearly equiatomic NiTi can exhibit pseudoelastic behavior due to reversible solid-to-solid stress induced
phase transformation at room level temperatures. In tension, the transformation leads to localized defor-
mation of several percent that tends to spread at nearly constant stress. The deformation is recovered
upon unloading while again localized deformation is exhibited. Under compression, while still pseudo-
elastic, the transformation strains are smaller, the stress is higher, the response is monotonic, and the
deformation is essentially homogeneous. This study examines how this texture-driven, complex material
asymmetry affects a simple structure: the bending of a tube. To this end, NiTi tubes are bent in a custom
four-point bending facility under rotation control and isothermal conditions. The phase transformations
lead to a closed moment-rotation hysteresis comprised of loading and unloading moment plateaus. Dur-
ing loading, localized nucleation of martensite results in a high curvature for the transformed sections of
the tube and low curvature for the untransformed. Martensite, which corresponds to the higher curvature
regime, spreads gradually while the moment remains nearly constant. The nucleation of martensite is in
the form of bands inclined to the axis of the tube that organize themselves into diamond shaped defor-
mation patterns on the tensioned side of the structure. The patterns are similar to those observed in
bending of steel tubes with Lüders bands, however, for NiTi they develop only on the tensioned side
due to the material asymmetry. A lower moment plateau is traced upon unloading with similar localized
bending and the erasure of the diamond deformation patterns. This complex behavior was found to
repeat for a number of temperatures in the pseudoelastic regime of NiTi with the moment-rotation
hysteresis moving to higher or lower moment levels depending on the temperature.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Shape Memory Alloys (SMAs) constitute one of the most excit-
ing families of metal alloys primarily because of two unique char-
acteristics: the shape memory effect and pseudoelasticity. The shape
memory effect refers to the ability of the material to revert to its
original shape after being seemingly permanently deformed by
mildly heating the material above its transition temperature.
Pseudoelasticity is the ability of the material to be deformed to
strains of a few percent (7% for nearly equiatomic NiTi) and
return to its unstrained conﬁguration when unloaded, tracing a
hysteresis during the cycle. Both effects are derived from diffusion-
less transformations between two solid state phases, called austen-
ite (A) and martensite (M), which can be induced by either changes
in temperature or stress.
Over the years these special properties have been exploited in a
variety of novel applications including biomedical devices, aero-
space structures, as seismic isolation/damping devices, in MEMS,
and generally in so-called smart structures. Driven by the needsof such applications, signiﬁcant efforts to develop constitutive
models that capture the basic behavior have been undertaken
(e.g., Auricchio and Taylor (1997), Auricchio et al. (1997),
Govindjee and Hall (2000), Govindjee and Miehe (2001), Helm
and Haupt (2003), Lagoudas et al. (2006), Patoor et al. (2006),
Sedlak et al. (2012) among others). Constitutive modeling is com-
plicated by the temperature dependent behavior of SMAs, by the
latent heats associated with the phase transformations, by differ-
ences in tensile and compressive stress states, and by the inhomo-
geneous nature of the deformations associated with the phase
transformations that govern the pseudoelastic temperature regime
(Abeyaratne and Knowles, 2006).
Although during the past 15 years the inhomogeneous nature of
the A  M phase transformations associated with pseudoelasticity
has been well documented by several researchers (e.g., Shaw and
Kyriakides (1995, 1997, 1998), Li and Sun (2002), Sun and Li
(2002), Feng and Sun (2006), Favier et al. (2007)), the effect on
SMA structures remains by and large elusive. Parallel work on steel
structures that exhibit Lüders banding has revealed that the local-
ized deformation associated with it leads to complex interactions
with structural instabilities (e.g., Corona et al. (2002), Aguirre
et al. (2004), Kyriakides et al. (2008)). For example, in the case of
968 N.J. Bechle, S. Kyriakides / International Journal of Solids and Structures 51 (2014) 967–980bending of tubes that exhibit Lüders bands this interaction can lead
to premature collapse (Hallai and Kyriakides, 2011a, 2011b). Even
though Lüders banding is a dislocation driven material instability,
its macroscopic effect is inhomogeneous deformation over a cer-
tain strain range. Despite obvious micromechanical differences be-
tween the phase transformations that govern SMA behavior and
the Lüders banding phenomenon, the macroscopic effect, for
example in a tensile test, is indeed very similar (Hallai and Kyriak-
ides, 2013). In view of these similarities, in this paper we aim to
understand the effect of inhomogeneous deformations associated
with phase transformations on the response of a simple SMA struc-
ture, the pure bending of a thin-walled tube (see also Nacker, 2009;
Bechle and Kyriakides, 2012).
The problem is investigated experimentally using a custom
built miniature bending device. The tubes tested are nearly equi-
atomic NiTi tubes with As = 15 C and Af = 21 C (established from
DSC). The tube stock used has a nominal diameter of 5.13 mm
(0.202 in) and a wall thickness 0.635 mm (0.025 in)––supplied by
Memry Corp. Bending involves both tension and compression and
consequently the tensile and compressive material responses at
several temperatures of interest are established ﬁrst. This is partic-
ularly important in view of previously reported tension/compres-
sion asymmetry in the ‘‘stress–strain’’ responses for NiTi and
other SMAs (e.g., Wasilewski (1971), Vacher and Lexcellent
(1992), Jacobus et al. (1996)). In order to eliminate the effect of
heating/cooling due to latent heat of transformations (e.g., Shaw
and Kyriakides, 1995, 1997) all experiments, tension, compression
and bending, are performed under isothermal conditions.Fig. 1. Custom experimental setups for isothermal (a) tension and (b) compression
tests on tubes.2. Tension–compression experiments
The isothermal tensile and compressive responses of the tube
stock in the range of temperatures of interest were measured in
a screw-type testing machine. The custom experimental setups
used to perform the tests are shown schematically in Fig. 1a for
tension and 1b for compression. In tension, a 114 mm (4.50 in)
tube section is gripped between plate clamps with linear v-notches
exposing a 40.6 mm (1.60 in) test section. To prevent crushing of
the tube, snug-ﬁt steel rods are inserted inside the gripped sec-
tions. The specimen is clamped by uniformly tightening four bolts
integral to each grip using torque levels determined empirically to
ensure that the required tension force can be achieved without
slipping.
The specimen and grips setup is surrounded by a water bath
with a transparent side for visualization as shown in Fig. 1a. The
water temperature is maintained at the chosen level by connecting
the bath to a temperature controlled circulating system. The tem-
perature of the specimen is monitored with a thermocouple to en-
sure its isothermal condition. The overall elongation of the
specimen is monitored using a custom-built submersible exten-
someter with a 25.4 mm (1.0 in) gage length. The evolution of
localized deformation in the test section is monitored using digital
image correlation (2-D DIC). This was facilitated by depositing a
ﬁne speckle pattern on the specimen that was photographed at
regular time intervals (2 s) with a high-resolution DSLR camera
(4288  2844) equipped with a timer.
The tests were performed under displacement control at a rate
that corresponds to a strain rate of 104 s1—when the deforma-
tion is homogenous. The load was measured with a dedicated
22.2 kN (5000 lb) load cell. The transducer outputs were monitored
with a computer based data acquisition system running LabVIEW
that was synchronized with the camera timer.
The compression tests were performed in the same test bay, but
using a different setup designed to alleviate buckling of the speci-
men (Fig. 1b). Here the specimen is 40.6 mm (1.60 in) long. Insteadof grips, the ends of the tubular specimen are inserted into tight ﬁt-
ting recess cavities machined into one-inch stainless steel rods
leaving a test section of 20.3 mm (0.8 in; L/D  4). A square shoul-
der machined into the bottom of the cavity mates with the end of
the tube, which was carefully faced off in a lathe. Access holes ma-
chined into the stainless rods allow passage of water from the tem-
perature controlled water bath connected in a closed loop as
shown in Fig. 1b. An infrared radiometer was used in preliminary
experiments to select the ﬂow rate required to keep the specimen
at constant temperature. A thermocouple connected to the surface
of the tube using a thermally conductive paste was used during the
tests to verify the constancy of the specimen temperature.
The experiments were again performed at a slow displacement
rate that results in an average strain rate of 104 s1. The overall
compression of the specimen was monitored with a 12.7 mm
(0.5 in) extensometer while DIC was used to monitor the evolution
of deformation in the test section using the same camera and rate
mentioned above.2.1. Tension results
Fig. 2a shows the nominal stress–elongation response (r  d/L)
recorded at 23 C where d is the change in length recorded by the
extensometer (gage length L). Fig. 2b shows a set of full-ﬁeld DIC
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Fig. 2. (a) Isothermal pseudoelastic tensile stress–elongation response of a NiTi
tube at 23 C. (b) Set of axial strain contours from DIC corresponding to the
numbered bullets marked on the response in 2a.
Fig. 3. Expanded view of image u in Fig. 2 illustrating the helical ﬁngered
deformation pattern through which A?M transformation spreads.
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the response in Fig. 2a (evaluated using the ARAMIS software). The
unstressed material is in the austenitic phase (A) and thus the re-
sponse traces the familiar closed hysteresis that is characteristic
of pseudoelastic behavior (e.g., see similar isothermal responses in
Shaw and Kyriakides (1995, 1997)). Under tension, A deforms
elastically and homogeneously as depicted in imager. At a stress
of 381 MPa (55.2 ksi) the material starts to transform into the
martensitic phase (M). M nucleates at one of the gripped ends
due to the apparent stress concentration. The phase change results
in local macroscopic deformation that becomes apparent in image
s. With additional elongation, the M phase propagates from rightto left as illustrated in images t–w generating two deformation
regimes: a strain of 0.81% ahead of the front and 6.7% behind it.
In other words, the strain values that correspond to the beginning
and end of the top stress plateau. During this propagation of M the
stress remains nearly unchanged at 383 MPa (55.3 ksi).
Because of the circular geometry of the tubular specimen, the
front separating the two deformation regimes (phases) is in the
form of a multi-pronged spiral that can be seen in images t and
u. (Similar helical patterns have been reported by Li and Sun
(2002), Feng and Sun (2006), Favier et al. (2007), and more recently
by Reedlunn et al. (2013)). The spiral propagates to the left rotating
in a clockwise direction. Fig. 3 shows an expanded view of the spir-
al front that corresponds to image u. Helical bands are tubular
manifestations of inclined localized deformations in strips that
are along the two characteristics of approximately ±55 to the axis
of the tube (Bijlaard, 1940; Hill, 1952; see also Shaw and Kyriak-
ides, 1997; Kyriakides and Miller, 2000 and Hallai and Kyriakides,
2013). The multiple ﬁngers are a way of minimizing bending defor-
mation that can result from the asymmetry caused by a single in-
clined band.
Once about one half of the specimen length has been traversed
by the ﬁngered front, M nucleates for the ﬁrst time at the opposite
grip. As is apparent in images v and w, at this site bands propa-
gate along both characteristics. The two fronts continue to propa-
gate towards each other and by conﬁguration x a chevron like
island of A is left. Beyond this point, the two fronts start to interact
and this causes the recorded stress to drop. The last sliver of A is
seen in image y beyond which deformation in the specimen is
homogenous once more (e.g., z) and the stress has a strong posi-
tive modulus. Between pointsy andz, M undergoes detwinning,
and in addition randomly dispersed pockets of remaining A get
transformed by the higher stress. The specimen was loaded to
about 527 MPa (76.4 ksi) and a strain of 7.5% before unloading
commenced.
Unloading follows a different trajectory than the stable branch
of the response at the end of the stress plateau, presumably be-
cause the M volume fraction between points y and z has in-
creased and changes in M variants. As illustrated by images 10
and 11 , the deformation remains homogenous until a stress of
119 MPa and a strain of 5.6% whenM becomes unstable and trans-
formation back to A commences. As is evident from image 12 , A
nucleates at the location of the termination of the A?M transfor-
mation and simultaneously the stress increases. Thus, as was re-
corded in similar experiments of others, a clear distinction
between the nucleation stress and the propagation stress develops
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gle helical band that propagates along the length and simulta-
neously broadens as illustrated in image 13 . The propagation
takes place at a gradually increasing stress (152 MPa at 12 to
170 MPa just before14 ). In the neighborhood of image14 , the spir-
al front has reached the LHS grip and is responsible for the stress
undulation recorded. By this time A has consumed all but a narrow
spiral of M in the left two-thirds of the specimen. Between14 and
15 a single multi-pronged front has formed and is propagating to-
wards the right spiraling in the opposite direction to that of the
ones in the loading phase. By conﬁguration 16 , the reverse trans-
formation has been completed, the specimen is once more homo-
geneous, and unloads to nearly zero strain along a similar path
to that followed during loading. (See movie Tens23C in supplemen-
tary data).
Similar isothermal experiments were performed at three addi-
tional temperatures, 13, 33 and 43 C and the results appear in
Fig. 4 together with the 23 C response. Pseudoelastic behavior
characterized by closed hystereses (slightly open for 43 C) is
observed in all four cases. The initial elastic modulus (EA) increases
with temperature while the modulus upon unloading (EM) remains
essentially unchanged (see Fig. A1). As reported by others, the
A?M stress plateau (rPM) increases nearly linearly with tempera-
ture as shown in Fig. A2. A corresponding increase is also recorded
in the same ﬁgure for the initiation (rNA) and plateau stresses (rPA)
of the M? A transformation.
2.2. Compression results
A compressive stress-shortening response recorded in an exper-
iment at 23 C on a specimen with test section length-to-diameter
ratio (L/D) of 3.9 is shown in Fig. 5a. The average strain was
recorded using a 12.7 mm (0.5 in) extensometer while local defor-
mation was monitored with DIC over the central 2.2D long section.
Fig. 5b shows a set of DIC color axial strain contours that corre-
spond to the points marked on the response in Fig. 5a with num-
bered bullets. The response traces the expected closed hysteresis
but exhibits signiﬁcant differences from the tensile behavior at this
temperature:
 the A?M transformation stress is signiﬁcantly higher
 but for a short duration early on, the A?M transformation is
occurring at an increasing stress
 the strain reached before the upswing in stress is about half that
in tension
 the M? A transformation stress is also signiﬁcantly higher0
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Fig. 4. Pseudoelastic tensile stress–elongation responses of NiTi tubes at 13, 23, 33,
and 43 C.
Fig. 5. (a) Isothermal pseudoelastic compressive stress–displacement response of a
NiTi tube at 23 C. (b) Set of axial strain contours from DIC corresponding to the
numbered bullets marked on the response in 5a. except for a section at small strains a signiﬁcant part of the
M? A transformation occurs at a monotonically decreasing
stress.
In more detail, during the initial linearly elastic branch of the
response, deformation is uniform as depicted by image r in
Fig. 5b. M transformation commences at a stress of about
600 MPa (87 ksi). This occurs in a more gradual manner than in
tension, but even in image s, past the stress knee, deformation
remains uniform. Signs of inhomogeneous deformation start to
appear at an average strain of about 1.36%, just past image s,
and remain until a strain of about 3.25% at imagey. Remembering
that the rectangular images represent a cylindrical surface, in this
3-0.5
0
0.5
y
D
5
8
-4
-2
0
0 0.5 1 1.5 2 2.5
x
(%)
x / D
3
F6
Fig. 6. Axial strain variation along three lines inclined at 35 to the tube axis
corresponding to contours t, v, and y in Fig. 5.
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Fig. 7. Compressive stress–displacement responses of NiTi tubes at 13, 23, 33, and
43 C.
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ner, forms a ‘‘triangular zone’’ and spreads diagonally to the other
corner. We speculate that this may indicate an inclined elliptical
diffuse front that joins two deformation regimes. To get a more
quantitative impression of the strain gradients along this inclined
path, in Fig. 6 the axial strain levels are plotted along three lines in-
clined at 35 to the axis of the tube for images t, v and y. The
strain plots show a strain gradient along these directions that
starts at about ±0.5% in image t grows to nearly ±1% in image
v and is diminished in imagey. This strain distribution indicates
that the specimen is undergoing some bending. In image z the
strain gradient is nearly eclipsed and in10 deformation is homoge-
neous once more. Since, the stress at this point is higher than the
stress between points t and y it appears that any bending that
has taken place between these points is transformation induced
rather than structural. (See movie Compr23C in supplementary
data).
Upon unloading, deformation remains homogeneous through
point 12 at about 440 MPa (64 ksi) when the stress transitions to
a lower stress ‘‘plateau’’ during which M? A transformation
occurs. Once more, a certain amount of strain gradient develops
in the specimen; transformation is more pronounced in the lower
right corner of the images and moves again in a nearly diagonal
direction across to the other corner. The gradient is most pro-
nounced in image 16 where a variation of the order of ±1% from
the nominal strain exists along an inclined direction similar to that
in Fig. 6. This unavoidably implies that the specimen again under-
goes some bending. By image 18 transformation is completed,
deformation is uniform, and the specimen unloads elastically fol-
lowing the initial loading trajectory (see similar results in Fig. 7
of Reedlunn et al. (2013)).
Although good compression experiments are more difﬁcult to
perform than tension, and as a result are rather rare, theasymmetry between tension and compression for NiTi was re-
ported as early as 1971 by Wasilewski. Among others, Vacher
and Lexcellent (1992) reported asymmetry in CuZnAl followed by
more careful experiments including triaxial loading by Jacobus
et al. (1996) on NiTi. Gall and Sehitoglu (1999) and Gall et al.
(1999) attributed the asymmetry to differences in detwinning
strain and critically resolved shear stresses (Schmid factors) caused
by crystallographic texture (see also Orgeas and Favier, 1998).
More recently Mao et al. (2010) using electron backscattering dif-
fraction conﬁrmed differences in Schmid factors between tension
and compression. They also noted a wider scatter in the Schmid
factors for compression to which they attributed the more homo-
geneous nature of transformation in compression (see also Mao
et al., 2008).
Similar isothermal compression experiments were conducted at
13, 33, and 43 C. The four stress–displacement responses recorded
are plotted together in Fig. 7. They all exhibit essentially mono-
tonic behavior for both loading and unloading, while the hystere-
ses traced shift to a higher stress as the temperature increases. It
is noteworthy that at 43 C the hysteresis did not close indicating
that the pseudoelastic temperature regime has been exceeded.
The initial elastic moduli of A (EA) are seen in Fig. A1 to increase
nearly linearly with temperature and are seen to be somewhat
higher than the corresponding values in tension. Interestingly,
the initial moduli at unloading (EM) are even higher. The stresses
at the onset of M transformation (loading, rNM) and of the A trans-
formation (unloading, rNA) were determined using tangent con-
struction lines and are included in Fig. A2. In this temperature
range they vary linearly with temperature.
During loading, the deformation in all four cases exhibited mild
inhomogeneities for a relatively short part of the strain history.
These were qualitatively and quantitatively similar to those re-
ported above for the 23 C experiment. The unloading deformation
patterns were also similar for 13, 23 and 33 C but differed for
43 C. The response of the 43 C test is shown isolated in Fig. 8a
along with a set of corresponding DIC axial strain contours that
appear in Fig. 8b. The DIC images show a mild inhomogeneity
developing between points t and v on the response. However,
the unloading response maintains a strongly positive tangent mod-
ulus and simultaneously the deformation remains homogeneous
throughout and the hysteresis did not close.
In summary, the compression results show the signiﬁcant dif-
ference between tension and compression reported by previous
researchers mainly attributed to crystallographic texture. Both
the loading and unloading responses, but for limited strain ranges,
maintain essentially positive tangent modulus. Despite this, some
relatively small amount of inhomogeneous deformation was ob-
served for parts of the loading and unloading trajectories that
resulted in some bending of the compressed tube. The largest
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Fig. 8. (a) Compressive stress–displacement response of a NiTi tube at 43 C. (b) Set
of axial strain contours from DIC corresponding to the numbered bullets marked on
the response in 8a.
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lue. Unlike the sharp fronts that develop in tension, here the evo-
lution of localized deformation appeared to be less organized.
The pseudoelastic behavior was terminated at a temperature be-
tween 33 and 43 C and consequently upon unloading the highest
temperature case exhibited some permanent deformation.
3. Bending experiments
Bending of NiTi tubes in the pseudoelastic temperature regime
is complicated by the inherent phase transformations and the asso-
ciated localized deformations. Furthermore, inducing 7% bending
strains requires signiﬁcant rotations of the ends. Although severalefforts to conduct such bending experiments have been reported in
the literature, Berg’s experiments (Berg 1995a,b) on NiTi wires ap-
pear to be the primary ones that achieved the bending curvature
required to complete the phase transformations. Perhaps because
of different objectives of this investigation, these experiments were
performed under moment control. Consequently, the expected mo-
ment plateaus and the associated events could not be tracked as
the response jumped across the plateaus when the unstable phase
transformations initiated. In addition, since the loading rate was
not controlled, latent heat effects may have inﬂuenced the
responses recorded.
3.1. Bending facility
The main interest of the present study is the investigation of the
effect of localized deformation associated with phase transforma-
tions on the response of SMA tubes at pseudoelastic temperatures
under bending. Thus, the ﬁrst task was to design a rotation-con-
trolled pure bending device in which NiTi tubes similar to the ones
analyzed under tension and compression could be bent under iso-
thermal conditions. The custom-built miniature four-point bend-
ing device developed for this purpose is shown in Fig. 9. The
design was inﬂuenced by larger scale bending machines in our labs
and adapted to the needs of SMA materials such as the relatively
large rotations required to induce strains of more than 7% (e.g.,
see Corona and Kyriakides (1988), Hallai and Kyriakides (2011a);
an earlier version of a miniature bending device appears in Nacker
(2009)). It is comprised of two free-spinning sprockets mounted on
a stiff support structure 165 mm (6.5 in) apart. Two steel roller
chains that wrap around and terminate on the sprockets are con-
nected to ACME threaded rods, which through a ‘‘turnbuckle’’
transform rotary motion to linear motion. The turnbuckle consists
of a tube with a right- and a left-hand threaded ACME nut con-
nected at each end. Correspondingly, the threaded rods, whose
rotation is prevented, run in each nut so that rotation of the turn-
buckle causes them to either contract or extend equally, and in the
process either pull or release the chains. Rotary motion is supplied
by a stepper motor that is geared up to the turnbuckle as shown in
the ﬁgure.
The NiTi tubular specimen, typically 114 mm (4.5 in) long, is
snug ﬁt and bonded into 9.53 mm (0.375 in) diameter case-
hardened and ground ﬁnished tubes leaving a test section 76 mm
(3.0 in) long. The assembly in turn engages two low-friction linear
bearings anchored on each sprocket as shown in Fig. 9. Rotation of
the sprockets induces couples to the extension tubes and pure
bending to the specimen. The linear bearings allow the inward
axial motion of the extension tubes required for the large
curvatures to which the specimen is bent. In-line miniature load
cells measure the tension in the chains, which is proportional to
the moment applied to the specimen. The rotation of each sprocket
is monitored with a rotary transducer (RVDT) connected to the
shafts on which they ride. The machine has a moment capacity
of 25.4 N-m (225 in-lb) and sprocket rotation of 70 (for a 0.2 in
diameter, 3 in long rod translates to a radius of curvature of
31 mm–1.25 in – and a max bending strain of 8%). The stepper mo-
tor rate is chosen such that the extreme ﬁber strain rate of the
specimen is 104 s1 for uniform curvature bending. Because of
the expected bending induced instabilities, the bending device
was designed as a relatively ‘‘stiff machine’’ where the energy
stored in the machine is always a small fraction of that stored in
the test specimen.
As in the tension and compression mechanical tests conducted
on the same NiTi tubes, the bending experiments were performed
under isothermal conditions. This was achieved by passing con-
stant temperature water (or glycol) through the tubes. To this
end ﬂexible rubber hoses connected to the extension tubes and a
Fig. 9. Custom miniature bending device used to conduct pure bending of NiTi tubes. (a) Scaled drawing and (b) photograph.
Fig. 10. Schematic of data acquisition and control systems as well as the digital and infrared imagery used to conduct isothermal bending experiments on NiTi tubes.
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experiments on a NiTi tube at 23 C.
Fig. 12. Set of tube bending conﬁgurations corresponding to
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liquid ﬂow rate was selected so as to keep the specimen at essen-
tially constant temperature.
The data acquisition and control systems of the experiment are
shown schematically in Fig. 10. A LabVIEW based data acquisition
system is used for real-time monitoring and storing of the signals
from the four machine transducers. A FLIR ThermoVision SC6000
infrared camera running at 30 frames/min is used to record full-
ﬁeld temperature proﬁles of the deforming specimen. The camera
is operated from a laptop that runs FLIR ExaminIR software. To aid
with infrared contrast, a ﬂat chamber connected to a second tem-
perature controlled circulating bath is placed behind the speci-
men. This background chamber was typically kept at a few
degrees higher or lower temperature than the specimen testing
temperature. A high-resolution DSLR camera (4288  2848 pixels)
operated by a timer that runs on the same laptop as ExaminIR
takes full-ﬁeld images of the deforming tube at a rate of
30 frames/min.the numbered bullets marked on the response in Fig. 11.
Table 1
Geometric and material properties of tubes used in the bending experiments.
Exp. No. T C D mm (in) t mm (in) 2L mm (in) rPM MPa (ksi) eo (%)
T2-B-01 13 5.12
(0.2016)
0.615
(0.0242)
76.2
(3.00)
328
(47.6)
0.690
T3-B-04 23 5.11
(0.2010)
0.625
(0.0246)
76.7
(3.02)
381
(55.2)
0.827
T2-B-05 33 5.12
(0.2016)
0.617
(0.0243)
77.7
(3.06)
435
(63.1)
0.810
T3-B-05 43 5.12
(0.2014)
0.622
(0.0245)
76.5
(3.01)
506
(73.4)
0.755
T3-B-07 23 5.12
(0.2014)
0.622
(0.0245)
77.1
(3.04)
381
(55.2)
0.827
Fig. 13. Expanded view showing the evolution of diamond deformation patterns on
the tensile side of the tube in Figs. 11 and 12.
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An isothermal experiment at 23 C is now used to illustrate the
main features of the behavior of the NiTi tubes studied under pure
bending. Fig. 11 shows the measured moment-end rotation
response (M=Mo  h=Ljo) and Fig. 12 a photographic sequence of
twenty conﬁgurations showing the evolution of bending in the
tube. Here h is the average of the rotations of the two sprockets
and the normalizing variables are deﬁned as follows:
Mo ¼ rPMD2ot; jo ¼ 2eoD ð1Þ
where rPM is the stress of the upper plateau and eo is the strain at
the start of M transformation in tension at this temperature (see
Fig. A2), and 2L is the length of the test section (Do = D  t, see
Table 1). Initially, the material is in the A phase, the response is stiff,
and the tube bends with a constant curvature as illustrated in image
r. At a curvature of about 1.2jo and a moment of about 1.1Mo, the
bending stiffness starts to decrease. The bending stress has reached
a level that causes transformation and M starts to nucleate in the
specimen. When the curvature reaches about 1.6jo, the moment
starts tracing a somewhat ragged plateau at a level of about 1.2Mo
that lasts until a normalized rotation of about 6. In this setup theFig. 14. An unloaded specimen from Nacker (2009) showing diamond patterns ofclamped ends provide sufﬁcient stress concentration to cause M
to nucleate at or near the ends and in this case M nucleated ﬁrst
on the LHS. It is worth observing that, because of the material asym-
metry, the curvature at the onset of the moment knee corresponds
to extreme ﬁber strains that exceed those observed in uniaxial
tension.
The thermomechanical processing of the tube left behind a thin
layer of a brittle black oxide that shatters at some strain and in the
process provides a means of visualizing the localized deformation
patterns. Nucleation takes the form of local bands inclined to the
axis of the tube analogous to the ﬁngered patterns observed in ten-
sion and very similar to the ones reported in bending experiments
on steel tubes with Lüders bands (e.g., see Fig. 9 Aguirre et al. 2004;
Fig. 17 Hallai and Kyriakides, 2011a). A difference from Lüders
banding in bent tubes is that for NiTi they appear only on the ten-
sioned side. Here the ﬁrst such bands develop close to the LHS end
in the neighborhood ofs at 1.6jo. As deformation progresses, the
bands tend to organize themselves into diamond-shaped pockets
that can be seen on the tensioned sides of images t–10 in
Fig. 12 (see also movie Bend23C in supplementary data). The dia-
mond patterns can be seen more clearly in three expanded and
truncated images of the bent tube in Fig. 13. On closer inspection,
one can observe that in imagev transformation propagated to the
right of the three full diamonds via inclined bands while in image
w a fourth full diamond has emerged. Such diamond patterns on
NiTi tubes were ﬁrst observed in bending experiments by Nacker
(2009). Fig. 14 shows a photograph of one of his specimens after
unloading with a full complement of such patterns.
The evolution of such diamond deformation patterns was also
captured in a different experiment (T3-B-07 in Table 1) using dig-
ital image correlation (DIC). For this purpose, a ﬁne speckle pattern
was deposited on the undeformed SMA tube. The in-plane defor-
mation of the specimen surface was captured with a digital camera
(4288  2848 pixels) at 2 s intervals. Bending was conducted again
isothermally at 23 C at the same rate. The moment-rotation
response is similar to the one in Fig. 11 and is not shown here.
Fig. 15 shows four deformed images from the upper moment
plateau with superimposed axial strain images generated from
the record using the ARAMIS software. Localization again initiated
on the LHS and is depicted in image I as a single diamond on the
tensioned side, with a strain level of the order of that at the termi-
nation of the upper stress plateau in tension. Compressive strain on
the outer ﬁbers is also observed on the compressed side due to the
localization of curvature. In image II, the diamond patterns have
propagated towards the mid-span of the tube, and similar ones
have started developing on the RHS. The corresponding compres-
sive strains remain limited to the outer ﬁbers on both sides. In im-
age III, the higher curvature regime has spread further and the
overall deformation now appears balanced between the left and
right sides with a central section remaining in the lower curvature
regime and uniform strain across the length. In image IV, the whole
tube has deformed to the higher curvature. The top surface is cov-
ered by the diamond patterns while the bottom is in nearly uni-
form compression that is highest at the outer ﬁbers and reduces
for ﬁbers away from the edge. Indeed inner ﬁbers appear to have
negligible strain. Some variation in the compressive strain is ob-
served along the length. We suspect that this may have developed
for compatibility of deformation with the large inhomogeneities ona brittle oxide layer induced by bending on the tensioned side of a NiTi tube.
Fig. 15. Set of axial strain contours from DIC showing evolution of localized deformation patterns recorded during a pure bending test on a NiTi tube at 23 C.
Fig. 16. Edge detection image processing scheme using pixel intensity to map top
and bottom edge of tube during bending.
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diamond patterns were recently reported in Reedlunn et al. (2013)
from bending experiments on similar NiTi tubes (e.g., see Fig. 11).
What was not reported is the localization of curvature reported
here, presumably because the relatively small slenderness ratio
of the specimens suppressed it.
Overall, the diamond deformation patterns are very similar to
the ones seen in calculated bending conﬁgurations with superim-
posed strain contours in Hallai and Kyriakides (2011b) in their
modeling of bending of tubes with Lüders bands. The difference
with NiTi is that the patterns only develop on the tensioned side.
The surface temperature of the tubewasmonitored and recorded
using infrared radiography throughout the bending history at a rate
of 30 frames/min. The record showed the temperature to remain
essentially constant very close to 23 C for the duration of the exper-
iment. However, local temperature spikes (valleys) of the order of
1 C at the sites whereM (A) nucleates and at the main propagating
transformation fronts suchas those in Figs. 13 and15wereobserved.
In other words, the record conﬁrms the evolution of local deforma-
tion in the specimen, but also that local nucleation ofM (or A) occurs
at other sites during the moment plateaus but does not spread.
Accompanying the local deformation is Brazier ovalization
(1927) and possibly wrinkling of the wall of the tube. The combina-
tion of the three leads to localization of curvature that is ﬁrst seen in
imaget and more prominently inu and beyond. To quantify the
variation of curvature along the length of the tube, the top and bot-
tom edges were tracked using a grayscale threshold image process-
ing scheme as shown in Fig. 16. This scheme was used to establish
the slope h(s) along the length of the tube. Fig. 17a shows a set ofplots of h(s) corresponding to a select number of deformed conﬁg-
urations from Fig. 12 (based on the top edge). Remembering the
relationship for curvature, j ¼ dh=ds, the slope trajectories clearly
show the coexistence of two curvature regimes: a larger curvature
in the main transformed region(s), and a lower curvature else-
where. The smaller curvature approximately corresponds to the va-
lue at the beginning of the moment plateau in Fig. 11 (1.5jo) and
the larger one to the curvature at the completion of transformation
(7jo). These curvature values remain essentially constant while
the specimen response traverses the upper moment plateau.
Returning to the response in Fig. 11 and the conﬁgurations in
Fig. 12, up to image v deformation is mainly concentrated in the
left half of the specimen and in the process nearly 40% of the span
has been bent to the larger curvature (see v in Fig. 17a). In the
neighborhood of image v, localized deformation initiates close
to the right end developing a similar diamond pattern. This new
zone of transformation, in turn, propagates towards the center of
the specimen as can be seen in w. Thus the slope contour corre-
sponding to x is seen to have developed two higher slope (and
curvature) sections at the ends connected with a low slope section
near the center. Throughout this non-homogeneous deformation
regime, the low and high curvatures are smoothly joined by tran-
sition sections that are of the order of 2D long, where transforma-
tion takes place. Continued rotation causes both high curvature
regimes to propagate towards the center. In image y, close to
the end of the moment plateau, a section in the center of the spec-
imen remains at the lower curvature.
Beyond this point the moment starts to rise. Estimates of the
strain indicate that the A?M transformation in tension must be
close to completion and consequently the observed upswing in the
moment is expected. However, the end rotations have reached very
high values contributing to an increase in the friction in the four lin-
ear bearing inwhich the end tubes slide (see Fig. 9).While the struc-
tural response appears as expected, despite our efforts to correct for
friction (see Appendix B) this is a nonlinear effect that we could not
fully account for; thus the reported moment at the highest levels of
rotation may have some error. Furthermore, using the whole set of
diagnostics at our disposal, we can report that some transformation
is taking place beyond pointz. By point10 , the whole specimen is
uniformly bent (see Fig. 17a) and the diamond patterns have now
consumed the whole tube. Soon thereafter the specimen is
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tion of the stepper motor, which ﬂips the direction of translation
of the tubes inside the linear bearings. The latter reverses the
direction of the frictional force on the extension tubes and results
in the sudden dynamic drop in moment that can be seen in Fig. 11.
Subsequently, the specimen unloads with a gradually decreasing
stiffness and uniform curvature (images11 –13 ). At a curvature of
about 5.5jo and a moment of 0.65Mo the stiffness has become very
small indicating that M? A transformation has commenced. The
resultant localization follows in a nearly reverse order from that fol-
lowed during loading. A ﬁrst nucleates near the center of the speci-
men where the stress is lower (remember that the ends have a
higher stress due to the constraints offered by the extension tubes).
This local transformation results in lower local curvature that can be
seen in image 15 and in the corresponding slope trajectory in
Fig. 17b. Continued unloading causes an outward expansion of the
lower curvature zone as illustrated in image16 and the correspond-
ing slope trajectory. As this takes place, themoment hovers at about
0.59Mowhile the smaller curvature is at about 1.29jo and the larger
one at 5.2jo; these curvature values correspond approximately to
those at the end and beginning of the lower moment plateau
(points19 and14 ). Beyond point19 the specimen returns to uni-
form curvature that is maintained until themoment is zero. The last
unloading is along the same linear trajectory as the one followed
during loading, and the hysteresis closes fully, an indication that
the material was not strained beyond its pseudoelastic regime.
3.3. Summary of bending experiments
Similar isothermal bending experiments were performed at
three additional temperatures, 13, 33 and 43 C, in which the same
experimental procedure was followed and the same imagery was
recorded. The moment-rotation responses recorded appear in
Fig. 18 together with the one from 23 C discussed in the previous
section. For a more clear interpretation of the results, the moments
and rotations are normalized by the variables Mo23 and jo23 in (1)
respectively based on rPM(23) and eo(23). The overall behavior is
similar to that of the 23 C experiment and so sequences of de-
formed conﬁgurations will not be shown. All cases exhibit an initial
linear branch during which deformation is homogeneous and the
tubes bend uniformly. The linear branches terminate into knees
associated with the onset of transformation to M. The moment at
the knees exhibits the same dependence on temperature as trans-
formation stress in tension, rPM(T) (the knee for 13 C is somewhat
lower). Subsequently, the moments trace relatively ﬂat plateaus
during which two curvature regimes co-exist: one that corre-
sponds to the value at the onset of transformation and a second
near its termination. The extent of the moment plateaus is nearly
independent of temperature reaching a normalized rotation of
about 6. With the termination of the moment plateaus, the tubes
return to uniform curvature. A jump in moment was recoded upon
unloading in all cases due to friction in the bearings. Initially, the
unloading exhibits uniform curvature until reverse transformation
commences. Moment plateaus are again traced indicating inhomo-
geneous bending. Three of the plateaus now follow the tempera-
ture dependence of the reverse transformation stress in tension,
rPA(T), while the moment corresponding to 13 C is slightly lower.
Three of the hystereses close, indicating complete pseudoelastic
behavior whereas the response at 43 C unloads with some resid-
ual curvature (as was the case for the compression and to some de-
gree the tension tests). Also worth mentioning is that at the highest
temperature the unloading was essentially monotonic during
which the tube unloaded uniformly.
In completing the section on bending the following comment is
worth making. In the present experiments, the main structural ef-
fect of localized deformation induced by transformation (primarilyin tension) reported was localization of curvature that was tran-
sient and recoverable. However, bending of tubes is also accompa-
nied by ovalization and wrinkling. Both of these can lead to local
buckling in the form of inward kinks on the compressed side of
the tube. The NiTi tubes used in our experiments had diameter-
to-thickness ratios (D/t) of about 8.25. This low value limited the
extents of both ovalization and wrinkling despite the high curva-
ture induced by the phase transformation. Higher D/t NiTi tubes
under bending will experience much higher values of ovalization
and wrinkling and consequently may buckle and kink to extents
that are catastrophic and non-recoverable (see Hallai and
Kyriakides, 2011a, 2011b). The D/t dependence of such potential
failures is worth further investigation.4. Summary and conclusions
The response of pseudoelastic NiTi tubes under bending has
been studied experimentally at several temperatures using a cus-
tom bending testing machine and diagnostic facilities. Since bend-
ing involves tension and compression, the mechanical behavior of
the material was ﬁrst recorded in separate experiments at the
same temperatures as the bending experiments. These experi-
ments were conducted under isothermal conditions in custom
testing facilities on as received tube specimens from the same
batch. In the temperature regime of interest, under tension the
material exhibits the well known closed hysteresis with and upper
and lower stress plateau. During the upper plateau material under-
goes A?M transformation that results in localized deformation.
Because of the tubular nature of the test specimens, localization
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the whole specimen is transformed. The stress then starts rising
and further deformation is homogeneous. The material unloads
homogenously until M? A transformation nucleates which again
leads to spiral localization patterns. For the temperatures exam-
ined the hysteresis loops closed except at 43 C where a small per-
manent strain was induced.
The corresponding compressive responses exhibited signiﬁcant
differences from the tensile ones at all temperatures examined.
The transformation stress is signiﬁcantly higher than the one in
tension and the induced strain is nearly half of the plateau strain
in tension. Both the loading and unloading responses, but for lim-
ited strain ranges, maintain essentially positive tangent modulus
and the deformation remained essentially homogeneous. These
differences have been attributed in the literature to crystallo-
graphic texture. The 43 C response did not close fully.
The tension/compression differences in behavior had a corre-
sponding reﬂection on the bending results. Bending also results in
localized nucleation of M. On the tension side this takes the form of
deformation bands inclined to the axis of the tube. As bending pro-
gressed, the bands coalesce into diamond-shaped pockets with a con-
stant periodicity, similar to ones reported to occur in bending of steel
tubes with Lüders bands. No localized deformation patterns were
apparent on the compression side. When a sufﬁcient length of the
tube is so transformed, structural localization develops in the form
of higher local curvature. The higher curvature coexists with a lower
one and with continued rotation spreads along the length of the tube.
While this is taking place the moment hovers about a nearly constant
level.When the higher curvature spreads throughout the length of the
tube, most of the material has transformed toM and the tube contin-
ues to bend uniformly with a rising moment. Upon unloading, the
tube deformation remains uniform until transformation back to A
commences. This also leads to localization of curvature that follows
a reverse path to that of loading. Like other systems that exhibit prop-
agating instabilities, during the coexistence of two curvature regimes
the moment remains nearly constant (e.g., see Kyriakides, 2001).
When all material has transformed back to A, the tube returns to
uniform curvature and unloads elastically back to the straight
conﬁguration.
Bending at other temperatures within the pseudoelastic regime
results in similar behavior tracing moment-rotation hystereses
with shifted moment plateau levels (higher or lower). Interest-
ingly, the moment at the onset of transformation and inhomoge-
neous deformation scales with the transformation stress in
tension at that temperature. The onset of reverse transformation
scales with the stress of reverse transformation upon unloading
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The elastic moduli for tension and compression in the A and M
phase are plotted vs. temperature in Fig. A1 designated as EA andEM. Values were determined from the extensometer measure-
ments: EA from the initial loading of the four responses in Figs. 4
and 7, and EM is the slope at ﬁrst unloading.
In tension, the plateau stresses rPM and rPA are well deﬁned in
Fig. 4 and are plotted vs. temperature in Fig. A2. The extents of the
two plateaus did not vary much with temperature: they are about
7% for the upper plateaus and 6% for the lower ones. Our setup
masks the loading nucleation peak (see Shaw and Kyriakides,
1997) but captures the nucleation stress valley upon unloading
that is designated as rNA in Fig. A2. It is seen to be lower than
rPA but to follow the same trend with temperature.
All of the compressive responses are essentially monotonic both
during loading and unloading. In view of the absence of distinct
stress plateaus, Fig. A2 only displays the ‘‘nucleation’’ stresses
rNM and rNA. Since the transitions at both loading and unloading
are smooth, these values were determined using tangent construc-
tion lines. Both stresses exhibit signiﬁcant dependence on temper-
ature. A comparison of Figs. 4 and 7 clearly shows that the strains
induced by transformation in compression are signiﬁcantly smaller
than those in tension. However, in compression the termination of
M transformation is not well deﬁned and consequently we opt not
to assign a value to it. The 43 C test developed some permanent
deformation and consequently the various variables deviate from
the trends of the results from the other three temperatures.
Appendix B. Moment correction
The measured moment-rotation responses were corrected for
friction and other inaccuracies of our set up as follows. A series
of calibration bending experiments were conducted on steel and
aluminum tubes and rods involving loading the specimens to
various levels and unloading. The expected moment–curvature re-
sponses were determined by numerical integration of measured
uniaxial stress–strain results on specimens from the same stock
as those used for the bending calibration. The ﬂexibility of exten-
sion rods and small errors introduced by the way the specimen is
inserted into the ends of the rods are corrected for by requiring
that:
j ¼
h
L
¼ EImeas:
EIcalc:
h1 þ h2
2L
 
ðB:1Þ
In addition, friction effects introduced to the measured moment
by the linear bearings were corrected by generating a moment cor-
rection function (DMcorrec.) from the calibration experiments as
follows:
DMcorrec: ¼ AjmMnjmeas: ðB:2Þ
where A, m and n are constants.
Appendix C. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijsolstr.2013.
11.023.
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